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0 SUMMARY 
Measurements  of t h e  f a t i g u e  b e h a v i o r  o f  1100 aluminum i n  
vacuum e n v i r o n m e n t s  have  shown t h a t  a s u b s t a n t i a l  i n c r e a s e  i n  
f a t i g u e  r e s i s t a n c e  o c c u r r e d  a t  a l l  stress l e v e l s .  The i n c r e a s e  
i n  f r a c t u r e  l i f e ,  compared t o  s i m i l a r  tests i n  a i r ,  was a t t r i -  
b u t e d  t o  a d e c r e a s e  i n  t h e  c r a c k  p r o p a g a t i o n  r a t e  i n  t h e  a b s e n c e  
of oxygen o r  water vapor  g a s .  A t r a n s i t i o n  p r e s s u r e  of  - 
to r r  was o b s e r v e d  below which  crack r e t a r d a t i o n  w a s  marked.  
The c r i t i c a l  p r e s s u r e  was a t t r i b u t e d  t o  t h e  e f f e c t  of m o l e c u l a r  
a d s o r p t i o n  r a t e s  on c r a c k  growth .  The c r a c k  g r o w t h  r a t e  was 
found  t o  be dependen t  on the c y c l i c  stress f r e q u e n c y  a s  w e l l  a s  
p r e s s u r e  l e v e l  i n  a c c o r d a n c e  w i t h  t h e  a d s o r p t i o n  mechanism. 
I n  Phase  I1 of t h e  p rogram,  d e s i g n  and  c o n s t r u c t i o n  of a u n i -  0 
q u e  f a t i g u e  a p p a r a t u s  f o r  e x t r e m e l y  h i g h  vacuum c o n d i t i o n s  was 
i n i t i a t e d .  The a p p a r a t u s  w i l l  t e s t  u p  t o  e i g h t  s p e c i m e n s  s i m u l -  
- 1 2  
t a n e o u s l y  a t  f i x e d  s t r a i n  a m p l i t u d e s  i n  vacuums below 10 t o r r  
u t i l i z i n g  t h e  XHV (Extreme High Vacuum) s y s t e m  d e v e l o p e d  a t  
N a t i o n a l  Research C o r p o r a t i o n .  P r e l i m i n a r y  tests i n  a i r  have  
shown t h a t  c y c l i c :  r a t e s  up t o  200 c p s  w i l l  be f e a s i b l e  i n  t h e  
var uum u n i t  e 
- v i -  
e 1 . 0  FOREWCRD 
This is the Summary Report covering work performed in the 
Research Division of National Research Corporation under 
Contract No. NASw-962 for the Office of Advanced Research and 
Technology, National Aeronautics and Space Administration dur- 
ing the period July 1, 1964, to August 3 ,  1965. 
The object of this investigation was to examine the fatigue 
behavior of a representative structural material as a function 
of applied stress, cyclic frequency and vacuum level. The com- 
parison of fatigue properties at reduced pressures down to 
torr and at atmosphere would be expected to provide an 
insight to the mechanisms of surface atmospheric interaction with 
fatigue crack nucleation and growth process. 
0 The program was divided into two major phases: Phase I ,  in- 
vestigation of fatigue properties in pressure range 7.6 x 10 2 
(unit atmosphere) to torr; and Phase 1 1 ,  supplementary 
investigations at vacuum levels up t o  10 torr using the 
Extreme High Vacuum (XHV) facilities developed at National 
Research Corporation. 
- 12 
!?lrt,joi- c o n t r i b u t o r s  t o  th is  p i*ogi  am were Dr. M. J. H o r d o n ,  D r  . 
, J .  I,. IIain a n d  11, E. Reed of the i*~s12ai 'ch s t a f f  of NRC and Pi -o fes so r  
G S ~ Relchcnbach of hlassachuse t t h Ins t i  t u  t c  of Technology, 
S<>i\it. 01 thu 1 . e S I I L t s  of this i>L)i-k i b ~ e l ' t '  p ~ e s c 1 1 t c ~ d  a t  the  S l X t h  
A i i i l u . : l  Syinpos i u:n on Space  I:nv I t o i j i n c ~ i i t a  1 Simu L;it , ioii  , May , 1964. ( 1 )  
2.0 INTRODUCTION 
I n t e r e s t  i n  t h e  e f f e c t  of o u t e r  s p a c e  e n v i r o n m e n t s  on t h e  
p h y s i c a l  and  m e c h a n i c a l  p r o p e r t i e s  o f  e n g i n e e r i n g  mater ia l s  
h a s  s u b s t a n t i a l l y  i n c r e a s e d  i n  r e c e n t  y e a r s  w i t h  t h e  g rowing  
p a c e  o f  o u r  s a t e l l i t e  and  l u n a r  r e s e a r c h  e f f o r t .  The need  f o r  
more precise and  e x t e n s i v e  i n f o r m a t i o n  on  t h e  e x t r a  t e r r e s t r i a l  
b e h a v i o r  of ma te r i a l s  h a s  deve loped  i n  p r o p o r t i o n  t o  t h e  
e x p a n d i n g  r e l i a b i l i t y  r e q u i r e m e n t s  a s  more complex v e h i c l e s  
p r o b e  d e e p e r  i n t o  s p a c e  f o r  l o n g e r  p e r i o d s  o f  t i m e .  
With r e s p e c t  t o  mater ia ls  p r o p e r t i e s  i n  s p a c e ,  t h e  h i g h  
vacuum l e v e l ,  e s t i m a t e d  a t  10- l2 t o r r  above  2000 km h e i g h t  (2  1 
is o f  ma jo r  i n t e r e s t .  The r e l a t i v e  a b s e n c e  o f  oxygen o r  water  
v a p o r  m o l e c u l e s  t o  react  w i t h  meta l  s u r f a c e s  a s  w e l l  a s  t h e  
l i k e l y  d e g r e d a t i o n  o f  e x i s t i n g  a d s o r b e d  f i l m s  by m e c h a n i c a l  
a b r a s i o n  o r  cosmic  e r o s i o n  w i l l  s t r o n g l y  i n f l u e n c e  s u r f a c e -  
s e n s i t i v e  p r o p e r t i e s  s u c h  a s  f a t i g u e .  
The i n f l u e n c e  o f  low p r e s s u r e  env i ronmen t  on t h e  f a t i g u e  p r o -  
p e r t i e s  of  me ta l s  and  a l l o y s  h a s  been  w e l l  e s t a b l i s h e d  s i n c e  
t h e  i n i t i a l  work of Gough and  Sopwith i n  1932. ( 3 )  S e v e r a l  i n -  
have  shown t h a t  t h e  f a t i g u e  r e s i s t a n c e  of a v e s r i g a t i o n s  
v a r i e t y  of  m a t e r i a l s  i n c l u d i n g  c o p p e r ,  a luminum, c a r b o n  s t e e l ,  
a n d  s t a i n l e s s  s t e e l  improved s u b s t a n t i a l l y  w i t h  p r e s s u r e s  below 
l o q 3  t o r r .  
d e p e n d i n g  o n  t h e  a p p l i e d  s t r e s s ,  t y p e  of m a t e r i a l ,  vacuum l e v e l  
(4-7) 
T h e  i n c r e a s e  i n  f a t i g u e  l i f e  r a n g e d  from 2 t o  60 f o l d  
- 2 -  
and t h e  r e s i d u a l  g a s  c o n t e n t .  G e n e r a l l y ,  a much greater d e g r e e  
of s u r f a c e  roughen ing  or s l i p  e x t r u s i o n - i n t r u s i o n  s t e p s  were ob- 
s e r v e d  i n  vacuum t e s t e d  spec imens  which c o u l d  be  a t t r i b u t e d  t o  
a n  i n c r e a s e  i n  p l a n a r  s l i p  i n  t h e  a b s e n c e  of  ba r r i e r  o x i d e  
f i l m s .  
P r i o r  i n v e s t i g a t i o n s  by Ham and Reichenbach  (*) have 
shown t h e  p r e s e n c e  of a c r i t i c a l  p r e s s u r e  r a n g e  a f f e c t i n g  f a t i g u e  
b e h a v i o r  i n  aluminum. A s u b s t a n t i a l  i n c r e a s e  i n  f a t i g u e  l i f e  
compared t o  a tmosphere  was obse rved  i n  t h e  vacuum r a n g e  t o  
l ov4  torr. 
l i t t l e  enhancement of t h e  f r a c t u r e  l i f e .  I t  has been  s u g g e s t e d  
t h a t  t h e s e  r e s u l t s  r e f l e c t  a c r i t i c a l  p r e s s u r e  dependence of 
mono-layer  oxygen or hydrogen i o n  a d s o r p t i o n  a t  t h e  f a t i g u e  c r a c k  
s u r f a c e s .  
F u r t h e r  i n c r e a s e  i n  vacuum l e v e l  produced  r e l a t i v e l y  
0 
- 3 -  
3.0 PHASE I 
w i t h  c y c l i c  l i f e .  
3 .1  I n t r o d u c t i o n  
I n  o r d e r  t o  examine i n  g r e a t e r  d e t a i l  t h e  i m p o r t a n t  e f f e c t s  
on f a t i g u e  p r o p e r t i e s  a t  modera te  vacuum l e v e l s ,  t h e  i n i t i a l  p h a s e  
o f  t h e  program w a s  d e s i g n e d  t o  i n v e s t i g a t e  i n  t h e  vacuum r a n g e  
e x t e n d i n g  from u n i t  a tmosphere t o  10 t o r r .  A m u l t i - s t a t i o n .  -7 
f a t i g u e  t e s t i n g  u n i t  was d e s i g n e d  and c o n s t r u c t e d  t o  t e s t  up  t o  
e i g h t  s amples  s i m n l t a n e o u s l y  a t  t h e  same vacuum l e v e l .  
The f a t i g u r l  p r o p e r t i e s  of 1100 aluminum i n  r e v e r s e  bend ing  w e r e  
d e t e r m i n e d  a t  f o u r  c o n s t a n t  s t r a i n  a m p l i t u d e  l e v e l s  and two c y c l i c  
f r e q u e n L i e s .  Dur ing  t h e  t e s t s ,  measurements  were t a k e n  of t h e  
number of c y c l e s  t o  i n , i t i a t e  t h e  f r a c t u r e  c r a c k  and t h e  r a t e  of 
c r a c k  growth .  For s e l e c t e d  s a m p l e s ,  measurements  w e r e  a l s o  t a k e n  
o f  t h e  moment f o r c e ,  c o r r e s p o n d i n g  t o  t h e  change  i n  f a t i g u e  stress 0 
3.2 A p p a r a t u s  
The a p p a r a t u s  u s e d  i n  t h e  P h a s e  I s t u d i e s  and  h e r e a f t e r  d e n o t e d  
0 
a s  U n i t  I c o n s i s t s  of a mass ive  c i r c u l a r  f l a n g e  p l a t e  27.5 i n .  i n  
diameter.  Mounted u n d e r  t h e  f l a n g e  p l a t e ,  as shown i n  F i g .  1, is 
a n  o c t o g o n a l  base p l a t e  which a c t s  a s  a f i x e d  c e n t r a l  base for t h e  
e i g h t  r a d i a l l y  p o s i t i o n e d  samples .  Four  of t h e  base p l a t e  p ro -  
j e c t i o n s ,  S t a t . i o n s  1, 2 ,  5 and 6 are  f u r n i s h e d  w i t h  e l ec t r i ca l  re- 
s i s t a n c e  s t r a i n  gage  a s s e m b l i e s  t o  d e t e r m i n e  t h e  f l e x u r e  of t h e  
s p e c i m e n s  t h r o u g h  t h e  r e l a t e d  mot ion  of t h e  base p l a t e  p r o j e c t i o n s .  
The o u t e r  e n d s  of t h e  spec imens  a r e  f a s t e n e d  t o  c r a n k  rods  
t h r o u g h  f l e x i b l e  s p r i n g  s t e e l  c o r n e c t o r s  which  a b s o r b  t h e  eccen- 
t r i c i t y  of t h e  r o d  mot ion .  The r o d s  a r e  c i r r i e d  t h r o u g h  t h e  f l a n g e  
p l a t e  by means o f  b e l l o w s  s e a l s  c a p a b l e  of + 0.10 i n .  mo t ion  w i t h  
d e s i g n  c y c l i c  l i f e t i m e  above  l o 8  o s c i l l a t i o n s .  
- 
0 
A s  shown i n  F i g .  2 ,  t h e  c r a n k  r o d s  a r e  b o l t e d  t o  e c c e n t r i c  
b e a r i n g  a s s e m b l i e s  i n  t u r n  connec ted  t o  1/15 HOP.  m o t o r s  concen-  
t r i c a l l y  p o s i t i o n e d  on t h e  f l a n g e  p l a t e .  T o  v a r y  t h e  v e r t i c a l  
t h r u s t  of t h e  r o d  a n d ,  h e n c e ,  t h e  b e n d i n g  moment of t h e  s a m p l e ,  
c o m p l e t e  e c c e n t r i c  u n i t s  v a r y i n g  from 0.025 t o  0.040 i n .  c a n  be 
s t a t i o n  arc  i n d i v i d u a l l y  c o r i t , i . o l  l e d  allowing a r a n g e  of b e n d l n g  
ir-equcncies v a r y i n g  fr.c.rn 2 t o  53 c p s .  E a c h  s t a t i o n  is p r o v i a c d  i s i t t i  
:I g l z i s s  v i r w i i i g  p o r t ,  a c ~ 1 ’ t r o l  i e l a y  s t o p  s w i t c h  a n d  a c y c l e  
- 5A - 
- 5B - 
0 The  f l a n g e  and b a s e  p l a t e  assembly  and a c y l i n d r i c a l  component 
which forms t h e  body of  t h e  vacuum chamber are  c o u p l e d  t o  a 
s t a n d a r d  V a r i a n  Vac I o n  u n i t ,  The e n t i r e  assembly  is shown i n  
F i g .  3. The u n i t  c a n  p r o v i d e  a vacuum of  2 x 10 t o r r  w i t h  a l l  -7 
e i g h t  spec imens  w i t h o u t  t h e r m a l  o u t g a s s i n g .  The Vac I o n  pump h a s  
t h e  g r e a t  a d v a n t a g e  o f  a v o i d i n g  t h e  u s e  o f  d i f f u s i o n  pump o i l ,  
t h u s  e l i m i n a t i n g  t h e  p o s s i b i l i t y  of hydroca rbon  c o n t a m i n a t i o n  
d u r i n g  l o n g  f a t i g u e  tests. 
For  u s e  i n  t h e  f a t i g u e  t e s t i n g  u n i t ,  a f i x e d  end c a n t i l e v e r  - 
t y p e  spec imen was selected w i t h  t h e  d imens ions  shown i n  F i g .  4 .  
The specimen’ geometry  was c l o s e l y  s i m i l a r  t o  t h e  s h a n d a r d  ASTM 
d e s i g n  f o r  c o n s t a n t  stress a long  t h e  gage  l e n g t h .  With t h e  
aluminum samples  used  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  (1100-H14 Al, 
BHN = 32), a d e s i g n  t h i c k n e s s  of 0.185 i n .  r e q u i r e d  a f o r c e  of  
a b o u t  20  l b s .  t o  a c h i e v e  t h e  maximum bending  a m p l i t u d e  o f  0 .040 i n .  
The s t r a i n  a m p l i t u d e s  i n  r e v e r s e d  bending  were chosen  t o  produce  
f a t i g u e  f r a c t u r e s  i n  t h e  r ange  5 x lo4 t o  10 
0 
7 c y c l e s .  
- 6 -  
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SPECIMEN OUTLINE 
m 
FIGURE 4 
3 . 3  T e s t  P r o c e d u r e  
F a t i g u e  t e s t  spec imens  were c a r e f u l l y  machined from 1100 - H14 
aluminum s h e e t  s t o c k .  A f t e r  f i n a l  g r i n d i n g ,  t h e  g a g e  s e c t i o n  s u r -  
f a c e s  were p o l i s h e d  on s u c c e s s i v e l y  f i n e r  l a p p i n g  p a p e r  u n t i l  a 
smooth ,  n i c k - f r e e  c o n t o u r  was o b t a i n e d .  Dimens iona l  t o l e r a n c e s  
f o r  a l l  spec imens  were h e l d  t o  + 0.002 i n .  i n  w i d t h  and + 0.001 i n .  
i n  t h i c k n e s s .  
- - 
F a t i g u e  t e s t s  were r u n  a t  se lec ted  vacuum l e v e l s  a c c o r d i n g  t o  
t h e  f o l l o w i n g  p r o c e d u r e s :  
1. Specimens were s e l e c t e d  a t  random and checked  f o r  dimen- 
s i o n s .  
I 2 .  A f t e r  pumgdown t o  a s t ab le  vacuum, s i m u l t a n e o u s  f a t i g u e  
tests w e r e  r u n  a t  c y c l i c  f r e q u e n c i e s  o f  2 5  and 50 c p s .  
3 .  For each  c o n s t a n t  s t r a i n  a m p l i t u d e  and vacuum l e v e l ,  f o u r  
s t a t i o n s  each  were o p e r a t e d  a t  t h e  two f r e q u e n c i e s .  The s t a t i o n s  
were a l t e r n a t e d  i n  s u c c e s s i v e  pumpdowns t o  a v e r a g e  t h e  r e s u l t s  
of i n d i v i d u a l  a m p l i t u d e s ,  
0 
4 .  E i g h t  i n d i v i d u a l  t e s t s  were r u n  f o r  each strain amplitude 
arid fi*equency t o  obtain a high degree of confidence in t h e  fatigue 
I 1 f c  data. 
3. Additional tests were per fo rn icd  if excessive deviations were 
ol)>:,iT’C\d in thc data. 
6 .  D u r i n g  the fatigue tests visual o b s e r v a t i o n s  of ci-ack foi*ma- 
I I O I I  . i t i d  g rou t l ?  wei-e 1-ecor-dcd a s  ,I function uf the cyclic. I l f ( ~ .  
- 8 -  
0 S e l e c t e d  samples were monitored f o r  moment force measurements 
u s i n g  a recorder  to  i n d i c a t e  changes i n  specimen stress l e v e l .  I 
I 
I 7 .  The t o t a l  f a t i g u e  l i f e  was taken a s  100 p c t  crack 
e x t e n s i o n  across the sample gage s e c t i o n .  
- 9 -  
3 .4  RESULTS 
P r e s s u r e  Dependence of t h e  F a t i g u e  S-N Curve 
Measurements of t h e  f r a c t u r e  l i f e  i n  r e v e r s e  bend ing  
f a t i g u e  for 1100-H14 aluminum w e r e  conduc ted  a t  c o n s t a n t  s t r a i n  
a m p l i t u d e s  i n  t h e  r a n g e  0 .001  t o  0.002 c o r r e s p o n d i n g  t o  maxi- 
mum t e n s i l e  and bend s t r e s s e s  i n  t h e  r a n g e  8,000 t o  1 4 , 0 0 0  p s i .  
The t e s t s  were made a t  p r e s s u r e  l e v e l s  v a r y i n g  from 1 x 
t o  1 x t o r r  and were compared w i t h  e q u i v a l e n t  a t m o s p h e r i c  
d a t a .  The f a t i g u e  t e s t s  were r u n  a t  two c o n s t a n t  bend ing  r a t e s  
o f  2 5  and 50 c p s .  
Compara t ive  f a t i g u e  d a t a  i n  t h e  form of  f a t i g u e  stress 
v s .  c y c l i c  l i f e  p l o t s  (S-N c u r v e s )  a r e  shown i n  F i g .  5 for 
2 2 x low7 to r r  and u n i t  a tmosphere  ( 7,6 x 10  t o r r ) .  The 
e x p e r i m e n t a l  p o i n t s  compr ise  t h e  mean v a l u e  f o r  a minimum of 
f i v e  e x p e r i m e n t a l  t e s t s ,  i n  most c a s e s ,  e i g h t  tests were made 
f o r  each  p r e s s u r e ,  f r equency  and stress c o n d i t i o n .  
I t  is e v i d e n t  t h a t  t h e  e v a c u a t i o n  of a i r  r e s u l t e d  i n  a 
s u b s t a n t i a l  i n c r e a s e  i n  t o t a l  f a t i g u e  l i f e .  P a r t i c u l a r l y  f o r  
t h e  lower  stress l e v e l s ,  t h e  f a t i g u e  improvement f a c t o r  was a s  
h i g h  a s  t e n - f o l d .  Doubling t h e  c y c l i c  f r e q u e n c y ,  however ,  
r e s u l t e d  i n  o n l y  a 75 p c t  enhancement  o f  t h e  f r a c t u r e  l i f e .  
The S - N  c u r v e  c o m p a r a t i v e  d a t a  f o r  p r e s s u r e  l e v e l s  of 
3 1 x and 1 x 10- t o r r  a r e  shown i n  F i g s ,  6 and  7 ,  Sub- 
s t a n t i a l  i n c r e a s e s  i n  f a t i g u e  r e s i s t a n c e  were n o t e d  s i m i l a r  
t o  t h e  r e s u l t s  o b t a i n e d  a t  lower  p r e s s u r e  
- 10 - 
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The c o m p o s i t e  p r e s s u r e  dependence of t h e  f a t i g u e  b e h a v i o r  
o f  1100 aluminum c a n  be r e p r e s e n t e d  by  a P-N c u r v e  s i m i l a r  t o  
t h e  s t a n d a r d  S - N  p l o t s .  F i g .  8 shows t h e  v a r i a t i o n  of f r a c t u r e  
l i f e  w i t h  p r e s s u r e  a t  f o u r  c o n s t a n t  s t r a i n  a m p l i t u d e s  a s  a 
f u n c t i o n  of c y c l i c  r a t e .  A d d i t i o n a l  f a t i g u e  d a t a  for  t h e  lowest 
s t r a i n  v a l u e ,  E = 0.0012 (CY = 8,300 p s i ) ,  were t a k e n  a t  t h e  max. 
i n t e r m e d i a t e  p r e s s u r e  l e v e l s  o f  0 .1  and  0.01 t o r r  i n  o r d e r  t o  
c o m p l e t e  t h e  P-N c u r v e .  
a 
The P-N p l o t s  show t h a t  t h e r e  is a major s t e p  i n  f a t i g u e  re- 
s i s t a n c e  a t  a p p r o x i m a t e l y  t o r r .  The d i s c o n t i n u i t y  is found  
a t  a l l  s t r a i n  l e v e l s  and  f r e q u e n c i e s  examined .  A t  p r e s s u r e s  
above  0.01 t o r r ,  t h e  f r a c t u r e  l i f e  was o n l y  s l i g h t l y  i n c r e a s e d  
above  t h e  s t a n d a r d  a t m o s p h e r i c  v a l u e .  A t  p r e s s u r e s  below lom4 
t o r r ,  t h e  f a t i g u e  enhancement r ema ined  r e l a t i v e l y  s t a b l e .  
F u r t h e r  r e d u c t i o n  o f  p r e s s u r e  below t o r r  r e s u l t e d  i n  a d i m -  
i n i s h i n g  r a t e  of  f a t i g u e  improvement.  
0 
P r e s s u r e  Dependence Of Crack N u c l e a t i o n  
The f a t i g u e  p r o c e s s  can g e n e r a l l y  be s e p a r a t e d  i n t o  two ma jo r  
componen t s :  S t a g e  1,  c o m p r i s i n g  t h a t  p o r t i o n  o f  t h e  f r a c t u r e  l i f e  
r c q u i i * e d  t o  n u c l e a t e  o r  i n i t i a t e  a dominant  c r a c k ,  and  S t a c e  2 ,  
t h e  number of  stress c y c l e s  t o  p r o p a g a t e  t h e  c r a c k  t h r o u g h  t h e  
s p e c i m e n  t o  f i n a l  f r a c t u r e .  R e c e n t l y ,  i t  h a s  been  p roposed  t h a t  
t h e  c r a c k  t h r o u g h  t h e  specimen t o  f i n a l  f r a c t u r e .  R e c e n t l y ,  i t  
h a s  been  pyoposed t h a t  t h e  c r a c k  p r o p a g a t i o n  p h a s e  i t s e l f  may be 
- 1 4  - 
FIGURE 8 
rn rn w 
p: a 
d i v i d e d  i n t o  two s u b s t a g e s ,  t h e  i n i t i a l  p o r t i o n  c o n s i s t i n g  
of t h e  slow growth  of i n d i v i d u a l  m i c r o c r a c k s  f o l l o w e d  by 
t h e  more r a p i d  c a t a s t r o p h i c  p r o p a g a t i o n  of  a m a c r o c r a c k  i n  
t h e  t e r m i n a l  p h a s e .  (’) 
d e n o t e d  : 
The f a t i g u e  b e h a v i o r  may t h e n  be 
NT = NI  t (N1, + NP) 
where  NT is t h e  t o t a l  f r a c t u r e  l i f e ,  N I  is t h e  number o f  
c y c l e s  t o  n u c l e a t e  m i c r o c r a c k s ,  N , is t h e  number of c y c l e s  
r e q u i r e d  t o  e n l a r g e  t h e  m i c r o c r a c k s  t o  t h e  c r i t i c a l  g rowth  
s i z e  and  N and  is t h e  number of c y c l e s  r e q u i r e d  t o  propa-  
g a t e  t h e  dominant  c r a c k  a c r o s s  t h e  spec imen .  
1 
P 
I n  t h e  c u r r e n t  i n v e s t i g a t i o n ,  o p t i c a l  measurements  o f  
c r a c k  f o r m a t i o n  a n d  s u b s e q u e n t  g rowth  w e r e  made d u r i n g  f a t i g u e  
tests. The minimum d e t e c t a b l e  c r a c k  l e n g t h  unde r  t e s t i n g  
c o n d i t i o n s  w a s  a b o u t  10  cm. Hence ,  t h e  e x p e r i m e n t a l  
n u c l e a t i o n  p h a s e  i n c l u d e d  ( N I  + N p ) .  
measurements  of t h e  c r a c k  p r o p a g a t i o n  r a t e  were made a s  a 
f u n c t i o n  of s tress,  p r e s s u r e  and  c y c l i c  f r e q u e n c y .  
-2  
I n  t h e  Np p h a s e ,  1 
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The v a r i a t i o n  of t h e  e x p e r i m e n t a l  n u c l e a t i o n  s t a g e  w i t h  f a t i g u e  
stress as  a f u n c t i o n  o f  vacuum l e v e l  a n d  c y c l e  r a t e  is shown i n  
F i g .  9. I t  is e v i d e n t  t h a t  t h e  number of f a t i g u e  c y c l e s  *o i n i -  
t i a t e  a m e a s u r e a b l e  c r a c k  was o n l y  s l i g h t l y  s e n s i t i v e  t o  t h e  
vacuum e n v i r o n m e n t .  The small  i n c r e a s e  i n  f a t i g u e  r e s i s t a n c e  may 
be a t t r i b u t e d  t o  t h e  dependence of  N on t h e  s u r f a c e  gas d e n s i t y .  
I t  is a p p a r e n t  t h a t  f a t i g u e  c r a c k  n u c l e a t i o n  w a s  r e l a t i v e l y  i n s e n s i -  
t i v e  t o  t h e  s u r f a c e  vacuum e n v i r o n m e n t ,  i n d i c a t i n g  t h a t  c r a c k  forma- 
t i o n  w a s  l a r g e l y  an i n t e r n a l  process. 
1 
P r e s s u r e  Dependence of Crack P r o p a g a t i o n  
F i g .  10 p r e s e n t s  t h e  P-Np f a m i l y  of c u r v e s  a f t e r  s u b t r a c t i n g  t h e  
i n i t i a l  s t a g e  f rom t h e  f r a c t u r e  l i f e .  Compa.rison w i t h  F i g .  8 shows 
t h a t  t h e  f r a c t u r e  r e t a r d a t i o n  i n  vacuum a p p e a r e d  t o  b e  t h e  mechanism 
c o n t r o l l i n g  f a t i g u e  b e h a v i o r  i n  aluminum. 
The i n f l u e n c e  o f  s u r f a c e  vacuum env i ronmen t  on t h e  r a t e  of c r a c k  
g rowth  unde r  r e p e a t e d  l o a d i n g  is i n d i c a t e d  i n  F i g .  11 f o r  t h e  s e r i e s  
of f a t i g u e  t e s t s  a t  t h e  c o n s t a n t  s t r a i n  of 0.0012 (4- 8,300 p s i )  and  
50 c p s  bend ing  f r e q u e n c y .  The a v e r a g e  ma jo r  c r a c k  was f i r s t  d e t e c t e d  
u n d e r  t h e s e  c o n d i t i o n s  a f t e r  a b o u t  2 x l o5  c y c l e s  i n  a i r .  F r a c t u r e  
5 o c c u r r e d  a t  l e s s  t h a n  9 x 1 0  c y c l e s  r e q u i r i n g  a p p r o x i m a t e l y  13 ,000  
sec  f o r  e x t e n s i o n  of  t h e  c r a c k  a c r o s s  t h e  spec imen .  Under vacuum 
c o n d i t i o n s ,  t h e  t i m e  r e q u i r e d  f o r  c r a c k  p r o p a g a t i o n  inc i ' eased  s u b -  
s t a n t i a ~ l y  r e a c l i i n g  a maximum of  240 ,000  sec a t  2 x 10- t o r i - ,  
col- i -esponding t o  a p l -opaga t ion  1 i f e  o f  abou t  11 x 10 c y c l e s .  A s  
7 
6 
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shown i n  t h e  P-N c u r v e s ,  t h e  major i n c r e a s e  i n  c r a c k  r e t a r d a t i o n  
o c c u r r e d  i n  t h e  p r e s s u r e  i n t e r v a l  be tween 10 and  t o r r .  -2 
The e f f e c t  of p l a s t i c  s t r a i n  l e v e l  on t h e  f a t i g u e  crack g rowth  
is i l l u s t r a t e d  i n  F i g .  12 f o r  t h e  d a t a  o b t a i n e d  a t  1 x t o r r  
w i t h  a c y c l i c  r a t e  of 50 cps. I t  is a p p a r e n t  t h a t  t h e  vacuum 
r e t a r d a t i o n  e f f e c t  i n c r e a s e d  c o n s i d e r a b l y  a t  t h e  lower stress - 
s t r a i n  l e v e l s .  Fig.  13 i n d i c a t e s  t h e  e f f e c t  o f  c y c l i c  f r e q u e n c y  
on c r a c k  p r o p a g a t i o n  t i m e  as  a f u n c t i o n  o f  p r e s s u r e  f o r  t h e  s e r i e s  
o f  t e s t s  w i t h e =  0.0012.  
a t  50 c p s  w a s  less t h a n  a t  25 c p s ,  b u t  more t h a n  h a l f  t h e  2 5  c p s  
v a l u e s ,  i n d i c a t i n g  t h a t  t h e  f a t i g u e  r e s i s t a n c e  i n c r e a s e d  w i t h  c y c l e  
f r e q u e n c y .  
The t i m e  r e q u i r e d  f o r  u n i t  c r a c k  e x t e n s i o n  
Measurements  of t h e  i n i t i a l  c r a c k  g rowth  r a t e  i n  cm/cycle  were 
o b t a i n e d  from t h e  s l o p e s  of  t h e  c r a c k  p r o p a g a t i o n  c u r v e s .  F i g .  14 
i l l u s t r a t e s  t h e  d a t a  o b t a i n e d  i n  a i r ,  and  a t  2 x t o r r  a s  
a f u n c t i o n  of  p l a s t i c  s t r a i n  a m p l i t u d e  and c y c l e  r a t e  i n  t h e  r a n g e  
0 - 10 p c t  c r a c k  e x t e n s i o n .  I t  is e v i d e n t  t h a t  t h e  vacuum e n v i r o n -  
ment s u b s t a n t i a l l y  r e t a r d e d  the g rowth  r a t e  a t  a l l  s t r a i n  l e v e l s .  
A t  p r e s s u r e  l e v e l s  below 10 t o r r ,  the f a t i g u e  t e s t s  r u n  a t  t h e  
h i g h c r  r e v e r s e  b e n d i n g  r a t e  (50 c p s )  showed a u n i f o r m  d e c r e a s e  i n  
the  r a t e  of c rack  e x t e n s i o n  per  c y c l e  compared t o  t h e  t e s t s  r u n  a t  
2 5  c p ? ~ .  T h e  s l o w e r  p r o p a g a t i o n  r a t e  may b e  a t t r i b u t e d  t o  the g r e a t e r  
e x t  e i l s ion  p e r  u n i t  t i m e  a t  the h i g h e r  c y c l i c  i .r t te,  e n a b l i n g  the c r a c k  
~ C I  p , - ~ ~ g y p s s  f a s t e r  t h a n  the r a t e  o f  gas a d s o r p t i o n  t o  contnmi na t c’ t h ( 3  
i iewly c r e a t e d  c r a c k  s u r f a c e s .  
- 3  
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I 
' 0  F a t i g u e  S t r e s s - S t r a i n  Measurements 
I n  t h e  c o u r s e  of  t h e  f a t i g u e  e x p e r i m e n t s ,  selected s p e c i m e n s  
w e r e  m o n i t o r e d  f o r  t h e  moment f o r c e  r e q u i r e d  f o r  maximum de- 
f l e c t i o n  a s  a f u n c t i o n  o f  f a t i g u e  l i f e .  The c a n t i l e v e r  moment 
f o r c e  was measured  u s i n g  a f o u r  r e s i s t a n c e  s t r a i n  gauge  b r idge  
cemented  t o  e a c h  of f o u r  o f  t h e  spec imen  b a s e  s u p p o r t s .  The 
b r i d g e  r e c o r d e d  t h e  d e f l e c t i o n  o f  t h e  base upon a p p l i c a t i o n  o f  
t h e  d r i v e  f o r c e  t o  t h e  c a n t i l e v e r - b e a m  spec imen .  The r e c o r d e r  
s t r a i n  was c a l i b r a t e d  w i t h  f i x e d  w e i g h t s  a t t a c h e d  t o  t h e  s p e c i -  
men, so  t h a t  t h e  d e f l e c t i o n  c o u l d  b e  i n t e r p r e t e d  i n  t e r m s  o f  a 
moment f o r c e .  
A r e p r e s e n t a t i v e  f o r c e  v s .  c y c l i c  l i f e  c u r v e  is shown i n  Fig.  15 
f o r  aluminum i n  a i r .  I t  is a p p a r e n t  t h a t  t h e  moment f o r c e  changed  
v e r y  l i t t l e  t h r o u g h o u t  t h e  major  p o r t i o n  of t h e  f r a c t u r e  l i f e ,  
a l t h o u g h  a s m a l l  amount of s t r a i n  s o f t e n i n g ,  shown a s  a decrease i n  
t h e  r e c o r d e r  a m p l i t u d e ,  was d e t e c t e d  d u r i n g  t h e  f i r s t  10,000 
c y c l e s .  However, a f t e r  50,000 c y c l e s ,  c o r r e s p o n d i n g  t o  t h e  forma- 
t i o n  of t h e  major  c r a c k ,  t h e  moment f o r c e  began  t o  d r o p p  o f f  
s h a r p l y .  A f t e r  90,000 c y c l e s  o r  2 5  p c t  e x t e n s i o n  of t h e  c r a c k ,  
the  f o r c e  d e c r e a s e d  t o  z e r o  i n d i c a t i n g  t h a t  t h e  c r a c k  had p e n e t r a t e d  
t h r o u g h  t h e  o u t e r  stress e l e m e n t s  t o  t h e  c e n t e r  of t h e  spec imen .  
The  s t r a i n  r e c o r d e r  r e s p o n s e  may be compared t o  t h e  r a t e  of c r a c k  
e x t e n s i o n  a s  d e t e r m i n e d  o p t i c a l l y .  
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FRACTIONAL CRACK EXTENSION 
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Simi lar  curves  were obtained i n  vacuum w i t h  n e g l i g i b l e  s t r a i n  
s o f t e n i n g  obtained i n  the  crack i n i t i a t i o n  phase of t h e  f r a c t u r e  
l i f e .  The s m a l l  change i n  f o r c e  w i t h  f a t i g u e  load ing  may be 
a t t r i b u t e d  t o  t h e  pre-hardened c o n d i t i o n  of the  1100 - H14 
aluminum samples .  
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3.5 DISCUSSION 
. 
The e f fec t  o f  t h e  s u r f a c e  vacuum env i ronmen t  i n  s h a r p l y  i n -  
c r e a s i n g  t h e  f a t i g u e  r e s i s t a n c e  h a s  been  a t t r i b u t e d  g e n e r a l l y  
t o  t h e  removal  o f  oxygen from t h e  v i c i n i t y  of  t h e  f a t i g u e  
crack. ( l o )  
a d s o r p t i o n  of  oxygen molecu le s  on t h e  f r e s h l y  formed c r a c k  
s u r f a c e s  t o  form t h e  metal  o x i d e ,  t h u s  i n h i b i t i n g  t h e  r e v e r s a l  
o f  s l i p  a l o n g  t h e  f a t i g u e  g l i d e  bands  and  p r e v e n t i n g  r e w e l d i n g  
of  t h e  c r a c k s .  
The p roposed  mechanism is t h e  d i s s o c i a t i o n  and  
I n  t h e  case of  aluminum, a second  mechanism c o m p r i s i n g  o f  
d i s s o c i a t i o n  of  w a t e r  vapor  m o l e c u l e s  and s u b s e q u e n t  a d s o r p t i o n  
o f  hydrogen (H’) i o n s  on t h e  c r a c k  s u r f a c e s  h a s  been  advanced  
i n  o r d e r  t o  e x p l a i n  t h e  a c c e l e r a t e d  e f f e c t  of  w a t e r  vapor  i n  
t h e  a tmosphe re  i n  promot ion  c r a c k  f o r m a t i o n  and g rowth .  (5) 
S i n c e  aluminum is a r e a c t i v e  m e t a l ,  i t  is l i k e l y  t h a t  b o t h  
mechanisms may o p e r a t e  d u r i n g  f a t i g u e  s t r e s s i n g .  
The d a t a  p r e s e n t e d  i n  t h e  p r e s e n t  work c a n n o t  c l e a r l y  d i s -  
t i n g u i s h  t h e  c o n t r o l l i n g  mechanism. However, b o t h  p r o c e s s e s  
-2 must  a c c o u n t  f o r  t h e  w e l l  d e f i n e d  t r a n s i t i o n  p r e s s u r e  (-10 
t o r r )  below which t h e  c r a c k  p r o p a g a t i o n  was s u b s t a n t i a l l y  re- 
t a r d e d .  
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The e f f e c t  o f  a r e a c t i v e  g a s e o u s  e n v i r o n m e n t  on  c r a c k  g rowth  
may b e  a t t r i b u t e d  t o  t h e  k i n e t i c s  o f  m o l e c u l a r  t r a n s p o r t  f rom 
t h e  o u t e r  s u r f a c e  t o  t h e  root o f  t h e  a d v a n c i n g  c r a c k .  Assum- 
i n g  t h a t  t h e  d e s o r p t i o n  r a t e  a t  t h e  newly c r e a t e d  c r a c k  s u r f a c e s  
is  n e g l i g i b l e ,  t h e  a r r i v a l  r a t e  of m o l e c u l e s  a t  t h e  c r a c k  b a s e  
may be e x p r e s s e d  a s :  
3 . 5  x P A - I - 
G ( M T ) ~ ’ ~  Ra 
where  P is t h e  p a r t i a l  p r e s s u r e  o f  t h e  g a s  i n  mm Hg, A is  t h e  cross-  
s e c t i o n a l  a r e a  of t h e  g a s  m o l e c u l e ,  M is t h e  m o l e c u l a r  w e i g h t ,  T 
i s  a b s o l u t e  t e m p e r a t u r e  and  G is a g e o m e t r i c a l  f a c t o r  e x p r e s s i n g  
t h e  c r a c k  c o n f i g u r a t i o n .  
A l t e r n a t i v e l y ,  E q .  ( 2 )  may b e  e x p r e s s e d  a s  t h e  t i m e  r e q u i r e d  t o  
a d s o r b  a monolayer  of adatoms o n  t o  the f r e s h  m e t a l  s u r f a c e  p e r  u n i t  
s u r f a c e  a r e a :  
1 /2 G (MT) 
3 . 5  x PA 
t -- 1- 
For t h e  u s u a l  f a t i g u e  c r a c k  c o n f i g u r a t i o n ,  G may be  approx ima ted  as 
G h 3 / 8  12,/ 1’ w h e r e  1 is t h e  c r a c k  d e p t h  and  1’ is the  avei’age w i d t h  2 
of the nar row slit. 
E q .  ( 3 )  may bc  used  t o  e s t i m a t e  the  r a t e  of gas a d s o r p t i o n  down 
the f a t i g u e  c r a c k  f o r  compar ison  w i t h  the  measured  c r a c k  growth  
r a t e s  o b t a i n e d  as a f u n c t i o n  o f  p i . o s su re .  Assuming t h a t  t h e  
: ldvanc*es  i n t o  t hc  specimcln d c p t l i  ( h a l f - d e p t h  = 0 . 2 4  cm) a t  t 
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r a t e  a s  i t  p r o p a g a t e s  a c r o s s  t h e  gauge  s e c t i o n  s u r f a c e ,  w e  may cal. 
c u l a t e  t h e  t i m e  r e q u i r e d  t o  a d s o r b  a monolayer  of oxygen or water 
v a p o r  a f t e r  10 p c t  of t h e  c r a c k  e x t e n s i o n  for c o m p a r i s o n  w i t h  t h e  
measu red  t i m e s  f o r  t h e  i n i t i a l  10 p c t  of t h e  f a t i g u e  crack e x t e n s i o n .  
T a k i n g  t h e  v a l u e s :  1 = 0.024 c m ,  r-10'5 c m ,  T = 300°K, M = 32 
0 
f o r  O2 and 18 for H20 and A = 1.0 x 10 -15 c m 2  f o r  O2 and  1.7 x 10- 15 
2 c m  f o r  H 0 ,  r e s p e c t i v e l y ,  t h e  f o l l o w i n g  e x p r e s s i o n s  c a n  be d e r i v e d :  2 
/V 6.1 /P  sec. - t 
O 2  
N 2.7/P sec. t H20 - 
The t h e o r e t i c a l  c r a c k  a d s o r p t i o n  t i m e s  g i v e n  i n  Eq. (4) are  p l o t t e d  
i n  F i g .  16 a s  a f u n c t i o n  of p r e s s u r e .  The a c t u a l  f a t i g u e  c r a c k  g rowth  
r a t e s  f o r  
compai* ison .  
the g rowth  r a t e  w a s  f a s t e r  t h a n  t h e  a d s o r p t i o n  r a t e .  T h u s ,  t h e  t r a n s i -  
t i o n  p r e s s u r e  - t o r r  o b s e r v e d  i n  F i g .  8 can  be t e n t a t i v e l y  
a c c o u n t e d  f o r  b y  t h e  k i n e t i c s  of  m o l e c u l a r  a d s o r p t i o n .  
0 e = 0.0012 f o r  aluminum a t  2 5  and  50 c p s  a r e  p r e s e n t e d  f o r  
I t  is e v i d e n t  t h a t  a t  p r e s s u r e  l e v e l s  above  low3 t o r r ,  
I t  may be  n o t e d  f r o m  F i g .  16,  t h a t  i n c r e a s e s  i n  t h e  c r a c k  propaga-  
t i o n  r a t e  ( d e c r e a s e  i n  p r o p a g a t i o n  t i m e )  due t o  i n c r e a s e d  f a t i g u e  
stress o r  c y c l e  f r e q u e n c y  c a n  r a i s e  t h e  t r a n s i t i o n  p r e s s u r e  t o  t h e  
a t m o s p h e r i c  l e v e l ,  t h u s  e l i m i n a t i n g  t he  vacuum enhancement  o f  f a t i g u e  
r e s i s t a n c e .  The  s m a l l  vacuum e f f e c t s  n o t e d  i n  s t a t i c  t e n s i l e  d e f o r -  
m a t i o n  may be a t t r i b u t e d  t o  this c a u s e .  In the same w a y ,  l o w e r i n g  t h o  
a d s o r p t i o n  r a t e  ( e g .  a n o n - r e a c t i v e  m e t a l  s u c h  a s  g o l d )  w i l l  have a 
s i m i l a r  effect 
n 
u w rn 
\ 
E u 
w 
W 
2 
X 
E-c 
3 
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4 . 0  PHASE I1 
4 . 1  I n t r o d u c t i o n  
I n  o r d e r  t o  examine t h e  f a t i g u e  b e h a v i o r  of aluminum a t  e x t r e m e l y  
low p r e s s u r e s  s i m u l a t i n g  t h e  s p a c e  e n v i r o n m e n t ,  i t  w a s  d e c i d e d  t o  
d e s i g n  a n d  c o n s t r u c t  a f a t i g u e  t e s t i n g  a p p a r a t u s  t o  be i n c o r p o r a t e d  
i n t o  t h e  Extreme High Vacuum (XHV) f a c i l i t y  d e v e l o p e d  a t  N a t i o n a l  
R e s e a r c h  C o r p o r a t i o n .  The XHV s y s t e m ,  w i t h  a n  e f f e c t i v e  work ing  
chamber of a b o u t  4 c u b i c  f e e t ,  c a n  r e p r o d u c i b l y  p r o v i d e  vacuum 
l e v e l s  down t o  10- l3 t o r r .  
A f t e r  c o n s i d e r a t i o n  o f  s e v e r a l  w i d e l y  d i f f e r i n g  d e s i g n  c o n c e p t s  
f o r  a n  XWV f a t i g u e  d e v i c e ,  i t  w a s  d e c i d e d  t o  u t i l i z e  a s e a l e d  
e l e c t r o m a g n e t i c  v i b r a t i o n  exciter t o  d r i v e  a number of s p e c i m e n s  
mounted c o n c e n t r i c a l l y  t o  a c a n t i l e v e r  base. The e n t i r e  f a t i g u e  
u n i t  was c o n c e i v e d  t o  b e  p l a c e d  i n s i d e  t h e  XHV vacuum s y s t e m  i n  0 
o r d e r  t o  min imize  t h e  s e v e r e  m e c h a n i c a l ,  t h e r m a l  and  vacuum d e s i g n  
c o n s t r i c t i o n s .  I n  t u r n ,  however ,  t h i s  c o n c e p t  n e c e s s i t a t e d  c a r e f u l  
d e s i g n  of a n o v e l  b e l l o w s  s ea l  a s sembly  t o  t r a n s f e r  t h e  d r i v i n g  
f o r c e  from t h e  s ea l ed  e x c i t e r  a t  u n i t  a tmosphe re  i n s i d e  t h e  vacuum 
chamber t o  t h e  spec imens .  
4 - 2  B a s i c  Des ign  C o n s i d e r a t i o n s  
S t r e s s  and M a t e r i a l s  
The e x i s t i n g  XHV a p p a r a t u s ,  shown s c h e m a t i c a l l y  i n  F i g .  1 7 ,  
g e n e r a t e s  p r e s s u r e s  a s  l o w  a s  1 0  -I3 t o r r  by means of a l i q u i d  
h e l i u m  c o o l e d  j a c k e t  a round  t h e  work ing  volume. I n  o r d e r  t o  m i n i -  
mize t h e r m a l  l e a k a g e ,  mechan ica l  and e l e c t r i c a l  c o n n e c t i o n s  m u s t  be 
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f e d  t h r o u g h  s e c o n d a r y  g u a r d  vacuums o v e r  a d i s t a n c e  of up  t o  s i x  
f e e t .  I n  view o f  t h i s ,  a m e c h a n i c a l  power source t o  p r o v i d e  
r a p i d  a l t e r n a t i n g  mot ion  up t o  200 c p s  p o s i t i o n e d  o v e r  6 f e e t  f rom 
t h e  s p e c i m e n s  w a s  deemed i m p r a c t i c a b l e .  A s u r v e y  o f  compact  power 
s o u r c e s  c a p a b l e  of b e i n g  p o s i t i o n e d  i n s i d e  t h e  vacuum s y s t e m  l e d  
t o  t h e  c h o i c e  of a n  e l e c t r o m a g n e t i c  v i b r a t o r  c a p a b l e  of p r o v i d i n g  
u p  t o  50 lbs .  t h r u s t  t h r o u g h  a n  a m p l i t u d e  o f  + 0.10 i n .  a t  f r e q u e n -  
ties up  t o  200 c p s .  W i t h i n  t h e s e  l i m i t a t i o n s ,  c a l c u l a t i o n s  w e r e  
made t o  d e t e r m i n e  t h e  s i z e ,  s t r o k e ,  and  number of s p e c i m e n s  which  
c o u l d  be tes ted a t  o n e  t i m e .  Aluminum t y p e s  1100 and  7075, 6 A 1  - 
4V - t i t a n i u m  a l l o y  and  AM 350 s t ee l  were i n v e s t i g a t e d .  I t  q u i c k l y  
became a p p a r e n t  t h a t  ma te r i a l s  s u c h  a s  AM 350 r e q u i r e d  c o n s i d e r a b l y  
more e n e r g y  t h a n  aluminum t o  f r a c t u r e  i n  f a t i g u e .  The spec imen  
s i z e  w a s ,  t h e r e f o r e ,  r e d u c e d  to  what  w a s  c o n s i d e r e d  a p r a c t i c a l ,  
e c o n o m i c a l  minimum s i z e  w h i l e  m a i n t a i n i n g  t h e  same p r o p o r t i o n s  and  
s h a p e  a s  t h e  s p e c i m e n s  u s e d  i n  P h a s e  I ,  The nominal  t w o  i n c h  stress 
l e n g t h  w a s  r e d u c e d  t o  one  i n c h .  
- 
0 
T h e  number of spec imens  which c o u l d  be f a t i g u e d  a t  v a r i o u s  ampl i -  
t u d e s  and  f r e q u e n c i e s  w a s  d e r i v e d  a s  f o l l o w s :  
A s s u m i n g :  
50 l b s .  t o t a l  a v a i l a b l e  m a g n e t i c  f o r c e ,  20  t o  200 c p s  
S h a f t  and  s h a k e r  moving mass ( m )  = 0.75  l b .  
S p r i n g  r a t e  of b e l l o w s  s e a l  = 100 l b / i n .  
- 3 3  - 
S p r i n g  r a t e  of s t r a i n  gauge  s p r i n g s  * 2 0  l b . / i n .  
S p r i n g  r a t e  o f  v i b r a t o r  s p i d e r s  = 30 l b . / i n .  
L e t  y = s i n g l e  a m p l i t u d e ,  i n c h e s ;  f = f r e q u e n c y ,  c p s  
Then t h e  i n e r t i a  force = my(2Wf)  2 = - 0.75  y (2' i7 'f12, or 
386 
( 5 )  
2 F = 0.0766 (y  f ) l b s .  
The n e t  a v a i l a b l e  f o r c e  t o  d e f l e c t  s p e c i m e n s  i s :  
(6) 2 50 - 150 y - 0.0766 y f l b s .  n e t  
The r e s u l t s  a re  p l o t t e d  i n  F i g .  18. 
The number o f  s p e c i m e n s  which can be f a t i g u e d  t o  f r a c t u r e  w i t h  
t h e  e n e r g y  a v a i l a b l e  from t h e  exc i t e r  depends  on  t h e  a m p l i t u d e  
a t  which  t h e  s p e c i m e n s  a r e  r u n .  The f o r m u l a  u s e d  below is d e r i v e d  
w h e r e :  b =: w i d t h  of b a s e  o f  spec imen ,  i n c h e s  
h _-= t h i c k n e s s  of s p e c i m e n ,  i n c h e s  
E = Y o u n g ' s  modulus f o r  t h e  spec imen  m a t e r i a l ,  p s i ,  
y = D e f l e c t i o n  of s p e c i m e n ,  i n c h e s  
u =. l e n g t h  of spec imen ,  i n c h e s  
For  aluminum t y p e  11QO-Hl4: 
3 
7 F - b h 3 E  I E = 1 x 10  p s i ;  t a k e  h = 0.060 i n c h e s .  Then,  - - -  
Y 6 u 3  
90.0  l b /  i n  p e r  spec imen 
For  e i g h t  spc'cimens, t h e  s p r i n g  r a t e  = 8 x 90 =; 720 l b l i n .  T h i s  
i s  shown on F i g .  18 a s  a dashcd s t r a i g h t  l i n e .  
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The spec imen  stress which  c o r r e s p o n d s  t o  t h e s e  d e f l e c t i o n s  is 
c a l c u l a t e d  a s  f o l l o w s :  
h E Y  s = .z 
U 
where  S = b e n d i n g  stress, p s i  and  t h e  o t h e r  symbol s  a re  a s  shown 
above .  
F o r  t h e  specimen c o n f i g u r a t i o n  s e l e c t e d ;  h = 0.060 i n ,  u = 1.0 
i n .  and  S = 60 x y. The c o r r e s p o n d i n g  maximum bend stress 
v s .  d e f l e c t i o n  is shown i n  F i g .  1 9 .  
As shown i n  F i g ,  18, i t  i s  e v i d e n t  t h a t  f o r  a n  a m p l i t u d e  o f  
0 . 0 3 5  i n c h e s ,  a f o r c e  o f  25 pounds is r e q u i r e d  t o  d e f l e c t  t h e  
s p e c i m e n s  a s  shown on t h e  s p r i n g  r a t e  c u r v e  f o r  8 s p e c i m e n s  e a c h  
0.060 i n c h e s  t h i c k .  F i g .  18 shows t h a t  a t  100 c p s  and  .035  i n c h e s  
d e f l e c t i o n ,  34 pounds a r e  a v a i l a b l e  f rom t h e  e x c i t e r .  T h e r e f o r e ,  
8 aluminum spec imens  c a n  b e  run  a t  somewhat o v e r  100 c p s  a t  a 
stress of 21,000 p s i .  S i m i l a r l y  a t  200 c p s ,  8 s p e c i m e n s  c a n  b e  
r u n  a t  12,000 p s i  s u f f i c i e n t  t o  c a u s e  f a i l u r e  i n  a p p r o x i m a t e l y  
6 -7 
4 x 10 c y c l e s  i n  vacuum of  10 t o r r ,  
A m a t e r i a l  s u c h  a s  AM 350 has  a n  e l a s t i c  modulus a p p r o x i m a t e l y  
2 . 9  t imes h i g h e r  t h a n  aluminum. The v i b r a t o r  c o u l d  d r i v e  8 s p e c i -  
mens t o  a stress of  a p p r o x i m a t e l y  40,000 p s i  a t  20  c p s .  T h i s  is 
w e l l  below t h e  e n d u r a n c e  s t r e s s  of AM 350 .  To o b t a i n  t h e  h i g h e r  
d e s i r e d  stress,  spec imens  t h i c k e r  t h a n  0.060 i n c h e s  w i l l  b e  r e q u i r e d .  
O t h e r w i s e ,  e x c e s s i v e l y  h i g h  a m p l i t u d e s  would b e  r e q u i r e d .  
O t h e r  m a t e r i a l s  s u c h  a s  t i t a n i u m  w i t h  a modulus of  a p p r o x i m a t e l y  
6 1 - 5  x 10 p s i  and a lower  endurance  l i m i t  would come be tween the 
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I. extremes of aluminum and AM 350. Four titanium specimens could 
be tes$ed at one time at a frequency of approximately 50 cps. 
I Amplitudes and frequencies compatible with the exciter capacity 
I , can be determined by drawing the appropriate spring rate for the 
desired specimens on Fig. 18. Specimens would be slightly thicker 
than .060 in. for optimum operating amplitude at the required 
stresses. 
Typical material characteristics are shown below for convenience. 
TABLE I 
MECHANICAL PROPERTIES 
Endurance Limit Young s Modulus Test Stress Range 
Mat er i a 1 (psi x (psi x (psi x 
A 1  1100 H14 
0 A 1  7075 T6 
7 
1 0  
Ti 6 - 4  26 
AM 350  CRT 70 
10.0 
10.4 
12 - 19 
18 - 27 
14.5 -19  40 - 66 
29  120 - 190 
* * *  
Gold "0" Ring S e a l  Des ign  
N a t i o n a l  R e s e a r c h  C o r p o r a t i o n  h a s  had s u c c e s s f u l  e x p e r i e n c e  w i t h  
g o l d  s e a l s  u s i n g  0.040 i n c h  d i a m e t e r  g o l d  w i r e  r i n g s  clamped be- 
tween  f l a t  h i g h l y  p o l i s h e d  s u r f a c e s .  The d e s i g n  of  t h e  g o l d  s e a l  
f l a n g e s  is  d e s c r i b e d  below.  
T h e  y i e l d  s t r e n g t h  of  t h e  g o l d  was e s t i m a t e d  a t  30,000 p s i .  I t  
was assumed t h a t  t h e  r i n g  would be  compressed  t o  0 .020 i n c h e s  
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t h i c k n e s s .  The c o m p r e s s i o n  area,  t h e r e f o r e ,  becomes: 0 
7j d 2  = (wid th )  ( t h i c k n e s s )  z 
w i d t h  = 0.0628 i n c h e s .  
The c o m p r e s s i o n  f o r c e  p e r  l i n e a r  i n c h  of s e a l  = 30,000 x 0.0628 
= 1900 l b / i n c h .  B o l t s  are  spaced  0.9 i n c h e s  a p a r t  r e q u i r i n g  1700 
l b  p e r  b o l t .  
High s t r e n g t h  s t a i n l e s s  s t e e l  b o l t s  of t h e  s t a n d a r d  P r e s s e d  Steel  
Company Unbrako KS812 series were s e l e c t e d  t o  p r e v e n t  b o l t  c r e e p  
a t  t h e  h i g h  t e m p e r a t u r e s  of bakeout  of t h e  vacuum s y s t e m .  B o l t s  
5/16 i n c h  d i a m e t e r  w i t h  f i n e  t h r e a d  were s e l e c t e d  f o r  maximum 
s t r e n g t h .  These  b o l t s  a r e  r a t e d  a t  a p p r o x i m a t e l y  3800 lb s  each 
I i n d u c e d  l o a d  when t o r q u e d  t o  200 i n .  - 1 b . w i t h  "no a d d i t i o n a l  
l u b r i c a t i o n " .  The b o l t s  c a n  b e  t o r q u e d  t o  2 4 5  i n . -  l b .  With t h e  
1700 l b .  l o a d  on e a c h  b o l t ,  t h e  r e s u l t i n g  t e n s i l e  stress is 3 2 , 0 0 0  
I O  
p s i .  The vendor  p r o v i d e d  d a t a  showing stress r e l a x a t i o n  from 65,000 
t o  55,000 p s i  a f t e r  50 h o u r s  a t  800'F. S i n c e  t h e  t e m p e r a t u r e s  and  
stresses t o  which t h e  b o l t s  w i l l  be s u b j e c t e d  a re  less t h a n  t h e s e  
v a l u e s ,  t h e  d e s i g n  is c o n s i d e r e d  c o n s e r v a t i v e  and  no s i g n i f i c a n t  
c r e e p  s h o u l d  o c c u r .  
The shear  stress i n  t h e  304 s t a i n l e s s  s t e e l  f l a n g e  is based on 
the p i t c h  diameter  of t h e  t h r e a d s  and  a t h r e a d  engagement  of 1 . 5  
x b o l t  d iameter :  
2 - .- f o r c e  = 8,900 l b . / i n .  ' s  s h e a r  a r e a  
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(9) 
T h i s  is w e l l  below t h e  c r e e p  s t r e n g t h  o f  304 s t a i n l e s s  s tee l  
a t  750'F and t h e  c r e e p  i n  t h e  f l a n g e  s h o u l d  be n e g l i g i b l e .  
The t h e r m a l  e x p a n s i o n  o f  304 s t a i n l e s s  s tee l  a c c o r d i n g  t o  
handbook d a t a  is s l i g h t l y  g r e a t e r  t h a n  t h a t  f o r  g o l d .  The e longa -  
t i o n  of t h e  b o l t s , h o w e v e r ,  - = 0.0011 i n c h e s  is grea te r  t h a n  
t h e  d i f f e r e n c e  i n  e x p a n s i o n  between t h e  g o l d  and t h e  304 s t a i n l e s s  
s tee l :  
S 
E 
where d is t h e  t h e r m a l  expans ion  c o e f f i c i e n t .  T h e r e f o r e ,  t h e  
s e a l s  w i l l  r ema in  t i g h t  t h roughou t  t h e  t e m p e r a t u r e  c y c l i n g .  
The d e f l e c t i o n  of f l a n g e s  between b o l t s  w a s  c a l c u l a t e d  a c c o r d i n g  
t o  t h e  e x p r e s s i o n :  
3 1 w u  
= 3m E 1  = 1 . 5  x i n c h e s  (1 1) Y Max. 
w h e r e  y = d e f l e c t i o n  i n  i n c h e s ,  w = l o a d  on one  b o l t  i n  l b s . ,  u = 
d i s t a n c e  between b o l t s ,  I =  moment of i n e r t i a  of  f l a n g e ,  and E = 
Young's modulus o f  f l a n g e  m a t e r i a l .  T h i s  d e f l e c t i o n  is s e v e r a l  
o r d e r s  of magni tude  below the  "0" r i n g  compress ion  o r  t h e  b o l t  
s t r e t c h  and i s ,  t h e r e f o r e ,  c o n s i d e r e d  s a f e .  
E l e c t r i c a l  C o n t r o l  C i r c u i t  Des ign  
A b l o c k  d iagram shown i n  F i g .  2 0  o u t l i n e s  t h e  a r r angemen t  of  
e l e c t r i c a l  components w h i c h  w i l l  be e x p e r i m e n t a l l y  u t i l i z e d  t o  d e v e l o p  
t h e  c o n t r o l  s y s t e m .  The s y s t e m  is i n t e n d e d  t o  p r o v i d e  c o n s t a n t  
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a m p l i t u d e  even  though t h e  s p r i n g  r a t e  o f  t h e  spec imens  changes  
due t o  mater ia l  changes  from r e p e a t e d  s t r a i n s  and  a s  t h e  s p e c i -  
mens f r a c t u r e .  
~0 
The f e e d b a c k  v o l t a g e  w i l l  be  p r o v i d e d  by s t r a i n  g a u g e s  mounted 
on  s p r i n g  s t o c k  which f l e x e s  a s  t h e  spec imens  d e f l e c t .  As shown 
i n  F i g .  2 1 ,  t h e  s t r a i n  r e c o r d e d  by t h e  g a u g e s  is p r o p o r t i o n a l  t o  
t h e  spec imen d e f l e c t i o n  g i v e n  by t h e  e x p r e s s i o n :  
where u is t h e  s p r i n g  l e n g t h ,  h is t h e  s p r i n g  t h i c k n e s s ,  x is a 
f i x e d  c a n t i l e v e r  d i s t a n c e  and y is t h e  bend d e f l e c t i o n .  Taking  
t h e  d e s i g n  v a l u e s  u 
t h e n €  w i l l  be 220. 
0.050 i n .  
The s t r a i n  gauges  
= 1 .438  i n . ,  h = 0.010 i n . ,  x = 0.50 i n . ,  
x i n / i n . f o r  t h e  maximum d e f l e c t i o n  y = 
se l ec t ed  have  a l i m i t a t i o n  o f  a p p r o x i m a t e l y  
F Y  
200 mic ro  i n . / i n .  f o r  a l i f e  of 10 '  c y c l e s  a c c o r d i n g  t o  t h e  
v e n d o r .  T h e r e f o r e ,  t h e  e x c i t e r  w i l l  be l i m i t e d  t o  a m p l i t u d e s  of 
l e s s  t h a n  + 0.050 i n c h e s  i n  vacuum. T h i s  is due t o  t h e  non-o rgan ic  
ceramic bonding m a t e r i a l  used on t h e  s t r a i n  gauge  t o  minimize o u t -  
g a s s i n g .  The  Sanborn r e c o r d e r - a m p l i f e r  h a s  a b a s i c  s e n s i t i v i t y  
of 20  t o  50 p i n . / i n .  p e r  c m  of s c a l e  d e f l e c t i o n .  W i t h  p r o p e r  
g a i n  s e t t i n g s ,  t h e  Sanborn u n i t  will p u t  o u t  s i g n a l s  from t h e  
s t r a i n  gauges  w h i c h  can  b e  fed  th rough  a v a r i a b l e  g a i n  c o n t r o l  
c i r c u i t  t o  v a r y  t h e  o s c i l l a t o r  a m p l i f i c a t i o n .  A s  a m p l i t u d e  changes  
- 4 0  - 
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very slightly due to specimen weakening and breaking, the gain 
control will hold the specimen amplitude essentially constant. 
Vacuum Limit at ions 
It is possible to make some approximations of the level of 
pressure which the vacuum system will attain, It has been es- 
timated that aluminum with a number 4 finish will have an out- 
gassing rate of 1 x 10 torr liters/sec per cm2 after 4 hours  - 9  
of pumping.(13) For a specimen surface area of approximately 
5 cm2, the gas load from the 8 specimens alone will become 
4 . 0  x torr - lit/sec. 
The open area of the liquid nitrogen baffle equals 445 cm 2 
which provides a maximum pumping speed for air of S = 4900 
liters/sec. The system pressure will then be given by: 
The outgassing rate after 9 hours will drop to about 5 x lo-' 
torr liter/sec cm . The pressure would then drop to approximately 
4 10-l~ torr. The above estimates are extremely crude, but 
serve to illustrate that without bakeout of the specimens, the 
specimens themselves present a gas load to the system which 
will limit attainable pressures. 
2 
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4.3 XHV F a t i g u e  A p p a r a t u s  
G e n e r a l  D e s c r i p t i o n  
A c o n c e p t u a l  s c h e m a t i c  shown i n  F ig .  22 i n d i c a t e s  s e v e r a l  of 
t h e  major e l e m e n t s  of t h e  h o r i z o n t a l  v i b r a t i n g  s y s t e m  w i t h i n  
t h e  vacuum e n v i r o n m e n t .  The p r i n c i p l e  d i f f i c u l t y  i n  o b t a i n i n g  
r e a l l y  h i g h  vacuum w h i l e  p r c d u c i n g  m e c h a n i c a l  spec imen  o s c i l l a -  
t i o n  l i e s  i n  t h e  meacs of t r a n s f e r r i n g  t h e  e n e r g y  t o  t h e  s p e c i -  
men w i t h o u t  a l s o  i n t r o d u c i n g  a s e r i o u s  gas  l o a d  t o  t h e  s y s t e m .  
F l e x i b l e  b e l l o w s  which expose  no o r g a n i c  mater ia l  t o  t h e  
vacuum are  one  a t t r a c t i v e  means of a c c o m p l i s h i n g  t h i s  g o a l .  
Ano the r  o f  t h e  d i f f i c u l t i e s  i n  d e s i g n i n g  a v i b r a t i o n  s y s t e m  
is t h e  m e c h a n i c a l  c o u p l i n g  be tween t h e  e x c i t e r  and  t h e  s p e c i m e n s .  
I t  would be  d e s i r a b l e  t o  l o c a t e  t h e  v i b r a t o r  c o m p l e t e l y  e x t e r n a l l y  
t o  t h e  vacuum s y s t e m  and i n t r o d u c e  t h e  mot ion  by a r e l a t i v e l y  long 
r o d  o r  t u b e .  However, t h e  t u b e  m u s t  be s t i f f  enough t o  t r a n s m i t  
t h e  f o r c e  from t h e  e x c i t e r  t o  t h e  s p e c i m e n s  witho1Jt l o s t  m o t i o n ,  
and  t h e  w e i g h t  of t h e  r o d  c a u s e s  a s i g n i f i c a n t  e n e r g y  l o s s  a t  
h i g h e r  f r e q u e n c i e s  O/abr)ve 200  i - p s ) .  T h i s  d e s i g n  i s  b a s e d  on a 
s h o r t  c o n n e c t i n g  t i b e  ! -e+ teer ,  th.e e x c i t e r  and  t h e  s p e c i m e n s .  
O t h e r  feat:ll-es inc . lude  a n  a i r  cc:oled e l e c t r o m e c h a n i c a l  v i b r a -  
t i o n  e x c i t e r  e n c l o s e d  i r .  a v d ~ u u r n  t i g h t  c o n t a i n e r  w i t h i n  t h e  vacuum 
s y s t e m ,  s l e n d e r  (,olllrnr, t ype  o f  c o q n e c t i n g  members be tween t h e  
d r i v e  s h a f t  a n d  i ~ k d i v i d ~ i ~ l  5pec  imens , a l i q u i d  n i t r o g e n  c o o l e d  
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0 s h i e l d  be tween t h e  w a r m  roam t e m p e r a t u r e  s p e c i m e n s  and  t h e  
h e l i u m  c o o l e d  vacuum sys t em and  t h e  n e c e s s a r y  t h e r m a l  con- 
t r o l  and  m e c h a n i c a l  s u p p o r t s  t o  c o m p l e t e  t h e  s y s t e m .  
Vibrator E x c i t e r  
T h i s  is a s t a n d a r d  e l e c t r o m e c h a n i c a l  v i b r a t o r  g e n e r a t o r  
m a n u f a c t u r e d  by Pye L i n g ,  Ltd .  a n d  d i s t r i b u t e d  by LTV Ling  
E l e c t r o n i c s  D i v i s i o n .  The Model V 5 0  mk 1 h a s  a nomina l  50 l b .  
e x c i t a t i o n  r a t i n g  a t  f r e q u e n c i e s  be tween 20  and  a p p r o x i m a t e l y  
100 c y c l e s  when i t  is l o a d e d .  It r e q u i r e s  a i r  c o o l i n g .  
B e l l o w s  S e a l  Assembly 
' 0  
The d r i v i n g  s h a f t  e x t e n d i n g  from t h e  e x c i t e r  moves h o r i z o n -  
t a l l y  t h r o u g h  t h e  bellows sea l .  The t h r e e  f l e x i b l e  bellows 
a r e  c o n c e n t r i c  a s  shown i n  F i g .  22. One end  of the bellows 
moves w i t h  t h e  v i b r a t i n g  s h a f t .  The o t h e r  end  is f i x e d  i n t e -  
g r a l l y  w i t h  t h e  vacuum t i g h t  e n c l o s u r e .  When t h e  vacuum s y s t e m  
is pumped down, t h e r e  is a d i f f e r e n t i a l  p r e s s u r e  a c r o s s  t h e  
b e l l o w s  which  is compensated by a p a r t i a l  p r e s s u r e  be tween t h e  
o u t e r  two b e l l o w s  and  t h e  s p r i n g  r e s i s t a n c e  of t h e  b e l l o w s .  The  
i n n e r m o s t  one  allows a vacuum t o  be  m a i n t a i n e d  on b o t h  s i d e s  of i t .  
T h i s  a s s u r e s  minimum l e a k a g e  i n t o  the vacuum s y s t e m  a n d  p r o v i d e s  
a s a f e t y  f a c t o r  a g a i n s t  c a t a s t r o p h i c  damage if one  of t h e  b e l l o w s  
s h o u l d  f a i l  i n  f a t i g u e .  The t r i p l e  s e a l  a l s o  a l l o w s  t h e  s y s t e m  
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A water c o o l i n g  c o i l  is l o c a t e d  a r o u n d  t h e  spec imen  mount ing  
b r a c k e t  t o  allow spec imen  t e m p e r a t u r e  t o  be c o n t r o l l e d  a s  a 
v a r i a b l e  and  d u r i n g  bakeout  of t h e  vacuum s y s t e m .  
Specimen P o s i t i o n e r  and  S h a k e r  Sub-Assembly 
Dur ing  pumpdown of t h e  vacuum s y s t e m  i t  is n e c e s s a r y  t o  h o l d  t h e  
d r i v i n g  s h a f t  i n  a f i x e d  z e r o - d i s p l a c e m e n t  p o s i t i o n  t o  p r e v e n t  t h e  
c h a n g i n g  p r e s s u r e  across  t h e  b e l l o w s  from p u t t i n g  e x c e s s i v e  s t r a i n  
on t h e  s p e c i m e n s .  The spec imen p o s i t i o n e r  is a c y l i n d e r  a s s e m b l y  
c o n c e n t r i c  with t h e  d r i v i n g  s h a f t .  I t s  p u r p o s e  is t o  a c c u r a t e l y  
p o s i t i o n  t h e  d r i v e  s h a f t  d u r i n g  pumpdown. A f t e r  b e l l o w s  p r e s s u r e s  
have  been  a d j u s t e d ,  t h e  p o s i t i o n i n g  c y l i n d e r  is wi thd rawn  beyond 
t h e  normal  r a n g e  of a m p l i t u d e .  
Wi th in  t h i s  p o s i t i o n e r  assembly  a m e c h a n i c a l  s t o p  is p r o v i d e d  
t o  l i m i t  t h e  e x t r e m e s  of motion of t h e  e x c i t e r  w h i c h  might  o t h e r -  
w i s e  be damaged by  o v e r d r i v i n g .  
The e n t i r e  e x c i t e r  is mounted i n  a vacuum t i g h t  e n c l o s u r e  s e a l e d  
w i t h  g o l d  "0" r i n g s .  E l e c t r i c a l  l e a d s ,  c o o l i n g  t u b e s ,  and  c o n t r o l  
t u b e s  a r e  b r o u g h t  o u t  th rough a l o n g  l - l / ' Z  inch d i a m e t e r  t u b e  t o  
t h e  end of  t h e  s y s t e m  o p p o s i t e  f r o m  t h e  spec imens .  T h e  e x c i t e r  
i t s e l f  is mounted on a r i n g  whic! i  is w a t e r  c o o l e d  and i s o l a t e d  
t h e r m a l l y  f rom the  vacuum t i g h t  e n c l o s u r e s  b y  f o u r  s t u d s  T h e  
s'inie e n c 1 o s u i . e  i s  s u p p o ~  ted o r )  ci IJrge horizontal stainless s t e e l  
t o  o p e r a t e  i n  a i r  w i t h  t h e  o u t e r  a n n u l u s  c o m p l e t e l y  e v a c u a t e d  and  
t h e  i n n e r  a n n u l u s  p a r t i a l l y  e v a c u a t e d  t o  compress  t h e  bellows 
t o  t h e  no rma l  work ing  l e n g t h .  
Specimen Mounting Sub-Assembly 
E i g h t  s p e c i m e n s  may be a r r a n g e d  r a d i a l l y  i n  a v e r t i c a l  p l a n e  
( s e e  Figs. 23 and 2 5 )  w i t h  t h e  smaller e n d s  of t h e  s p e c i m e n s  lo- 
c a t e d  i n  l i n e  w i t h  t h e  d r i v i n g  s h a f t  hub. S ince  t h e  end  o f  e a c h  
spec imen  d e s c r i b e s  a n  a r c  a s  i t  d e f l e c t s  from t h e  f l a t  c o n d i t i o n ,  
a f l e x i b l e  column is p l a c e d  be tween t h e  d r i v i n g  s h a f t  hub and  
e a c h  spec imen .  T h i s  moving hub  is c e n t r a l l y  p o s i t i o n e d  by f o u r  
r a d i a l  s p r i n g s  i n  s u c h  a way t h a t  t h e  f r a c t u r e  of a n y  or a l l  t h e  
s p e c i m e n s  c a n  p u t  no moment l o a d i n g  back  i n t o  t h e  exc i te r .  
S t r a i n  g a u g e s  a re  a t t a c h e d  t o  two of t h e  r a d i a l  s p r i n g s  t o  pro- 
v i d e  a d i r e c t  s i g n a l  t o  measure  and c o n t r o l  spec imen  v i b r a t i o n  
a m p l i t u d e ,  These  s t r a i n  gauges  a r e  a t t a c h e d  t o  t h e  s p r i n g s  w i t h  
Rokide  f l a m e  s p r a y e d  ceramic which p r e s e n t s  l ess  g a s  l o a d  t o  t h e  
vacuum s y s t e m  t h a n  a n  o r g a n i c  bond. 
The spec imen mount ing  sub-assembly  may b e  l o a d e d  w i t h  new s p e c i -  
m e n s  w h i l e  on t h e  b e r c h  and t h e n  i t  may be  p l a c e d  i n t o  t h e  vacuum 
s y s t e m  and  a t t a c h e d  t o  t h e  v i b r a t o r  w i t h  5 screws. An a d j u s t m e n t  
on t h e  d r i v e  s h a f t  hub a l l o w s  t h e  Spec imens  t o  have  z e r o  mechani-  
c a l  s t r a i n  a t  t h e  same t i m e  t h e  e l e c t r i c a l  s i g n a l  i n d i c a t e s  z e r o  
d i s p l a c e m e n t .  
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FIGURE 23 
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tube which thermally isolates the room temperature enclosure 
from the liquid nitrogen cooled support surface. 
Liquid Nitrogen Cooled Shield 
The warm vacuum tight exciter enclosure and the warm specimens 
would present an excessive heat load to the helium refrigerator 
system if allowed line-of-sight radiation to the helium cooled 
surface. Therefore, an optically dense liquid nitrogen shield 
is provided to surround the entire assembly within the helium 
cooled cylinder. The nitrogen cooled shield, however, must have 
passages for the gases not condensed onto the liquid nitrogen 
cooled surfaces to escape. Hence, a double wall with staggered 
holes and an end baffle is provided. 
The end baffle serves as a support f o r  the cold cathode magne- 
tron gauge whose opening w i l l  be directed into the volume of the 
specimens. In this way the vacuum reading will indicate most 
accurately the specimen environment. 
4.4 Experimental T e s t s  
The earliest experimental work in Phase TI of this contract was 
done with the electromagnetic vibrator exciter to determine its 
performance, I t  performed according to vendor specifications in 
the range of frequencies tested 
A bench test assembly was built to simulate the dynamic charac- 
teristics of the actual XHV test device S O  that the electrical 
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c o n t r o l  s y s t e m  c o u l d  be deve loped  and  t e s t e d .  Having t h e  u n i t  
access ib le  i n  a i r  w i l l  e x p e d i t e  t h e  a s s e m b l y  and  al low d i r e c t  
o b s e r v a t i o n  d u r i n g  tests. T h i s  deve lopment  a n d  t es t  work is 
e s s e n t i a l l y  c o m p l e t e .  
Fig.  23 shows 8 dummy spec imens  on t h e  moun t ing  b r a c k e t .  The 
f l e x i b l e  push  rods e x t e n d  back  f rom t h e  smal l  e n d s  of t h e  s p e c i -  
mens. The fou r  r a d i a l l y  a r r a n g e d  g u i d e  s p r i n g s  a re  v i s i b l e  i n  
t h e  background w i t h  w h i t e  s t r a i n  gauge  areas showing on  two o f  
them. 
I n  F i g .  24 shows t h e  f l a t  s p r i n g  across  t h e  d r i v e  s h a f t .  T h i s  
s p r i n g  s i m u l a t e s  t h e  s p r i n g  e f f e c t  o f  t h e  b e l l o w s  a s sembly  wh ich  
w i l l  be u s e d  i n  t h e  a c t u a l  vacuum u n i t .  
An o v e r a l l  view o f  t h e  major  e l e c t r o n i c  i n s t r u m e n t s  and  t h e  
b e n c h  t e s t  u n i t  is shown i n  F i g .  2 5 .  Air and water c o n n e c t i o n s  
w i l l  be added l a t e r .  
S t r a i n  g a g e s  w i l l  p r o v i d e  a s i g n a l  f o r  spec imen a m p l i t u d e  
measurement  and  c o n t r o l .  The  components  and c i r c u i t s  shown i n  
F i g .  20  have  been  d e s i g n e d ,  c o n s t r u c t e d  and  t e s t e d .  C o n t r o l  
s e t t i n g s  w i l l  be d e t e r m i n e d  for v a r i o u s  o p e r a t i n g  c o n d i t i o n s .  
T h e  a m p l i t u d e  s t a b i l i t y  w i l l  be measured a t  s e v e r a l  f r e q u e n c i e s ,  
and a m p l i t u d e s ,  
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L a t e r  when t h e  vacuum s y s t e m  components  have  been  c o n s t r u c t e d  
a d d i t i o n a l  t es t  w i l l  be r e q u i r e d .  One s u c h  t es t  w i l l  b e  made t o  
check t h e  pe r fo rmance  of t h e  g o l d  s e a l s  i n  t h e  vacuum t i g h t  e x c i t e r  
e n c l o s u r e .  The e n c l o s u r e  w i l l  be p l a c e d  i n  t h e  vacuum s y s t e m  and  
b a k e d t o  a s c e r t a i n  what b o l t  l o a d i n g  is a c t u a l l y  r e q u i r e d  t o  k e e p  
t h e  v e s s e l  t i g h t  d u r i n g  t h e s e  t e m p e r a t u r e  e x c u r s i o n s .  
- 5 0  - 
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5.0 FUTURE WORK 
It is planned to extend the investigation covered in this 
report to include the effects of temperature and residual gas 
content in order to determine the mechanism of atmospheric gas 
embrittlement on fatigue resistance. The following additional 
tests have been scheduled: 
1. Measurements of the vacuum effect on fatigue of 1100 - 
H14 aluminum at + 100°C and - 5OoC.  
2. Determination of the P-N curve for aluminum with pure 
oxygen and water vapor residual gas environments. 
3. Interrupted fatigue tests to determine the effect of 
vacuum on the crack nucleation and propagation stages of fracture. 
4 .  Extension of vacuum testing to additional materials in- 
cluding age hardened aluminum 7075-T6, 17-4PH stainless steel 
and 6A1-4V - titanium alloys. 
0 
5. Extension of P-N curve data t o  extremely low pressures 
using the XHV (Extreme High Vacuum)facility , 
- 51 - 
REFERENCES 
1. M .  J.  Hordon and  L. R.  A l l e n ,  "Adhesion a n d  F a t i g u e  Pro- 
p e r t i e s  o f  M a t e r i a l s  i n  Vacuum', ' ,Sixth Annual  Symposium 
On Space  Env i ronmen ta l  S i m u l a t i o n ,  S t .  L o u i s ,  M i s s o u r i ,  
May, 1965.  
2 .  R.  J a s t r o w  , "Lunar and T e r r e s t r i a l  Atmospheres" ,  Advances 
I n  Aero S c i e n c e ,  V o l .  5 ,  Plenum Press, I n c . ,  N e w  York 
(1960) .  
3 .  H. S. Gough and  D. G .  S o p w i t h ,  J o u r n a l  of The I n s t i t u t e  of 
Metals (London) ,  V o l .  4 9 ,  Page  93  ( 1 9 3 2 ) .  
4 .  N.  J .  Wadsworth,  "The E f f e c t  o f  Envi ronment  On Metal F a t i g u e " ,  
I n t e r n a l  Stresses and F a t i g u e  I n  Metals,  (Ed G .  M. R a s s i v i l e r  
and W .  L. Grube ,  E l s e v i e r ,  Amsterdam),  Page 385 (1959)  
5. T. Broom a n d  A .  N i c h o l s o n ,  J o u r n a l  o f  t h e  I n s t i t u t e  of Metals, 
(London) ,  Vol .  89,  Page 183 ( 1 9 6 1 ) .  
6 .  N .  J. Wadsworth,  P h i l o s o p h i c a l  Magaz ine ,  V o l .  6 ,  Page 3 9 7 ,  
( 1 9 6 1 ) .  
7 .  K .  U .  Snowden, Acta M e t a l l u r g i c a ,  Vol .  1 2 ,  Page 2 9 5 ,  (1964) .  
8.  J .  L. Ham and G .  S .  Re ichenback ,  " F a t i g u e  T e s t i n g  O f  Aluminum 
I n  Vacuum", Symposium on M a t e r i a l s  For  A i r c r a f t !  Missiles and  
Space V e h i c l e s ,  S p e c i a l  T e c h n i c a l  P u b l i c a t i o n  N o .  3 4 5 ,  ASTM 
( 1 9 6 2 ) .  
9 .  J .  R .  Low, J r . ,  " M i c r o s t r u c t u r a l  A s p e c t s  of F r a c t u r e " ,  
F r a c t u r e  of S o l i d s ,  (Ed  D .  C .  Drucke r  and  J .  J .  Gi lman ,  
I n t e r s c i e n c e  P u b l i c a t i o n s  ! N e w  York) , Page 1 9 7 ,  ( 1 9 6 3 ) .  
10.  N .  J .  Wadsworth and  J .  H u t c h i n g s ,  P h i l o s o p h i c a l  Magazine ,  
Vo l ,  3 ,  Page 1154 ,  (1958) .  
-' 52 - 
11. K .  U .  Snowden, J o u r n a l  of App l i ed  P h y s i c s ,  Vol 34, 
Page 3150, (1963) .  
12 .  S. Timoshenko, and G .  H. MacCullough, Elements  of 
S t r e n g t h  of M a t e r i a l s ,  D. Van Nos t r and  Company 
Page 181, 1940*. 
13. M. S c h r a n k ,  F. Benner ,  D. D a s ,  T h e o r e t i c a l  and Exper i -  
m e n t a l  S tudy  To Determine O u t g a s s i n g  C h a r a c t e r i s t i c s  Of 
V a r i o u s  M a t e r i a l s ,  AEDC-TDR 64-53, 
- 53 - 
